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StoichiometryOrai1 subunits interacting with STIM1 molecules comprise the major components responsible for calcium
release-activated calcium (CRAC) channels. The homologs Orai2 and Orai3 yield smaller store-operated currents
when overexpressed and are mostly unable to substitute Orai1. Orai3 subunits are also essential components of
store independent channel complexes and also tune inhibition of ICRAC by reactive oxygen species. Here we use
patch-clamp, microscopy, Ca2+-imaging and biochemical experiments to investigate the interdependence of
Orai2, Orai3 and Orai1. We demonstrate that store-operation and localization of Orai3 but not of Orai2 to
STIM1 clusters in HEK cells or to the immunological synapse in T cells is facilitated by Orai1 while Orai3's
store-independent activity remains unaffected. On the other hand, one Orai3 subunit confers redox-resistance
to heteromeric channels. The inefﬁcient store operation of Orai3 is partly due to the lack of three critical
C-terminal residues, the insertion of which improves interaction with STIM1 and abrogates Orai3's dependence
on Orai1. Our results suggest that Orai3 down-tunes efﬁcient STIM1 gatingwhen in a heteromeric complex with
Orai1.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
The concept of a store-operated calcium entry (SOCE) into non-
excitable cells, such as lymphocytes and epithelial cells, has been
proposed by Putney in 1986 [1] and the underlying current Ca2+
release-activated Ca2+ (CRAC) channels were identiﬁed in the early
nineties as store-operated highly selective Ca2+ channels in primary
rat mast cells and Jurkat T cells [2–4]. However, the identity of the
molecular components was not solved until in 2005 and 2006 when
the endoplasmatic reticulum Ca2+ sensor proteins STIM1 and 2 [5–7]
and the plasma membrane channel proteins Orai1, 2, and 3 [8–10]
were discovered. Indeed, coexpression of STIM1 and Orai1 reconstituted
large ICRAC [10–13]. Mercer et al. [11] and subsequently Lis et al. [14] and
DeHaven et al. [15] established Orai2 and Orai3 as bona ﬁde CRAC chan-
nels by showing that they can be activated by store depletion albeit with
different efﬁcacies, are selective for Ca2+ over Na+, strongly enhanced in
divalent-free ss(DVF) solution and showed inwardly-rectifying current–
voltage relationship as observed for endogenous ICRAC. Orai2 and Orai3
can interactwith Orai1when overexpressed andOrai3 but not Orai2 res-
cues ~20% SOCE in SCID patient ﬁbroblasts [16]. Evolutionarily, Orai3 is
the latest addition to the Orai protein family, is only found in mammalss, analyseddata and contributed
tialized investigations of redox
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yer).and probably has evolved from Orai1 [17]. Several groups compared
the biophysical properties of Orai2 and Orai3 to Orai1. Small differences
for Ba2+, Cs+ and Na+ permeation were observed in Orai3 and Orai2
compared to Orai1 [14,15] and Orai3 contributes to a diminished Ca2+
but increased Cs+ permeability when in heteromeric complexes with
Orai1 [18]. More strikingly, while fast Ca2+-dependent inactivation
is most pronounced in Orai3, slow Ca2+-dependent inactivation was
virtually absent for both Orai2 and Orai3 compared to Orai1 [14]. DVF
currents of all three Orai channels are depotentiated by divalent cations
with Ca2+ N Ba2+ NMg2+ [14,15], although for Orai3 these differences
are signiﬁcantly less prominent than for Orai1 or Orai2.
However, in contrast to Orai2 channels, Orai3 and to a weaker,
transient and concentration-dependent degree Orai1, can be activated
by 2-APB [14] independently of STIM1 [19–21]. Yamashita et al. postu-
lated that theOrai3 speciﬁc activationby2-APB requires disengagement
of STIM1 from Orai3 (and Orai1) channels before directly gating the
channels [22]. Several labsmade use of Orai1–Orai3 chimeric constructs
to investigate STIM1 dependent gating as discussed below and for a
detailed review of functional domains see [23]. To investigate the
stoichiometry of humanOrai1 andOrai3 channels, Demuro et al. applied
single-molecule photobleaching of eGFP-tagged constructs. While both
Orai1 and Orai3 were detected predominantly as dimers under resting
conditions, they were found as tetramers when activated by cytosolic
STIM1 [24,25], however, the crystal structure of a truncated Orai1
from Drosophila melanogaster, revealed that the channel is composed
of a hexameric assembly of Orai subunits arranged around a central
ion pore [26]. The molecular biophysics of Orai1 channels are compre-
hensively reviewed by Amcheslavsky et al. [27]. 2-APB activates a
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dimers, suggesting that Orai3 can also form a dimeric nonselective
cation pore [24]. Arachidonic acid (AA) can activate Orai1–Orai3
concatenated tetrameric channels [28] and pentameric channels with
the Orai1:Orai3 stoichiometry having a great impact on the resulting
arachidonic acid sensitivity [29]. In both cases of concatenated
constructs these channels do not lose the ability to be store-operated,
although store-operation is not required for AA sensitivity. Similarly,
leukotriene C4 has been shown to evoke channel conductance that is
dependent on Orai1 and Orai3 [30,31]. Because virtually all studies
investigating activation, stoichiometry and biophysical properties of
Orai3 are overexpression studies utilizing HEK cells which also contain
endogenous Orai1, we set out to systematically investigate the depen-
dence of Orai2 and Orai3 on Orai1 in conferring “store-operation” and
targeting to domains of local activation. In addition, we investigate the
inﬂuence of the number of Orai3 subunits on the redox sensitivity of
Orai1 using concatenated Orai1–Orai3 complexes. Using recombinant
constructs we investigate the amino acid requirement to impose an
Orai1 independent store-operated function.
2. Results
2.1. Endogenous Orai1 ampliﬁes Orai3 but not Orai2 mediated currents
STIM andOrai proteins are expressed to different degrees in virtually
all cells investigated so far. HEK cells constitute a widely used cell
system for heterologous expression of STIM and Orai proteins as they
display very low endogenous ICRAC currents (~−0.3 pA/pF) versus
−1 pA/pF ± 0.27 in Jurkat T cells (for corresponding expression levels
of endogenous SOCE components, see Fig. S1a). To investigate the inﬂu-
ence of endogenous Orai1 on overexpressed Orai homologs, we ﬁrst
reanalyzed store-operated currents in cells stably expressing STIM1
(HEKS1) and transiently expressing Orai2 or Orai3 with (+siRNA O1)
or without (+ ns) downregulation of endogenous Orai1. Expression of
Orai2 and Orai3 caused the expected development of inwardly rectify-
ing currents (Fig. 1a–c) and current–voltage relationships (Fig. S2a,
b) with the activation kinetics of ICRAC being faster for Orai2 when
compared with Orai3 overexpression (Fig. S2c). Co-transfection with
Orai1 targeting siRNA signiﬁcantly reduced store-operated current
density (CD) of Orai3, but not of Orai2 expressing cells, indicating that
Orai3, but not Orai2 mediated currents are facilitated by the presence
of Orai1 (Fig. 1a–c). These effects are not due to off-target effects as
shown in Fig. S1b. Quantiﬁcation of downregulation of endogenous
Orai1 on protein level was not feasible because the endogenous expres-
sion is below detection limit of the commercially available antibodies.
The Orai1 dependent current facilitation of Orai3 is in agreement with
measurements of DVF currents with knockdown of endogenous Orai1
[15]. To test if knockdown of Orai1 also inﬂuences channel activity of
Orai3 evoked by 2-APB independently of store depletion, we measured
Orai3 currents with 150 nM free Ca2+ in the pipette. In contrast to the
store-operated currents shown above, knockdown of Orai1 did not
reduce current densities induced by 50 μM 2-ABP (Fig. 1d, f), nor did it
signiﬁcantly alter the current–voltage relationship of these 2-APB
induced currents (Fig. 1e) which display a reduced Ca2+ but increased
Cs+ permeability [20–22] (Fig. 1f). This suggests that the 2-APB-
induced store-independent Orai3 currents do not require Orai1 for
function and also indicates that the siRNA against Orai1 does not show
off-target effects on Orai3.
To control whether endogenous Orai2 supports the remaining Orai3
current after knockdown of Orai1, we measured whole cell currents in
HEKS1 cells transfected with siRNA against both Orai1 and Orai2. The
additional downregulation of Orai2 did not result in any additional re-
duction of Orai3 store-operated currents compared toOrai1 knockdown
alone (Orai1/Orai2 siRNA: −4.9 ± 1.4 pA/pF compared to −4.9 ±
0.98 pA/pF in Fig. 1c teal bar graph). Next we investigated the effects
of increasing Orai1 expression. Fig. 1g–i shows that store-operatedcurrents of cells overexpressing both Orai1 and Orai3 are signiﬁcantly
increased although not nearly to the level of only Orai1 transfected
cells (−28.8 ± 7 pA/pF vs. −66.7 ± 11 pA/pF). In contrast to the
increase in ICRAC, 2-APB evoked activation in the presence of 150 nM
free Ca2+ is not signiﬁcantly affected (Fig. 1j–l), suggesting that store-
operated activation and store-independent activation of Orai3 show a
differential dependence on Orai1.
2.2. Endogenous Orai1 facilitates recruitment of Orai3 but not Orai2 to
ER–PM junctions
As an independent approach to test the Orai1 requirement for the
function of Orai3, we tested whether translocation of Orai2 and Orai3
channels to the ER–PM junctional complexes containing activated
STIM1 is affected by overexpressed Orai1. We expressed GFP-tagged
Orai homologs together with mCherry-tagged STIM1 in either HEKWT
cells or in HEK cells stably overexpressing non-ﬂuorescent Orai1
(HEKO1). Cells were treated for 10 min with 1 μM thapsigargin (Tg) to
induce cluster formation and were analysed by TIRF microscopy
(Fig. 2a). To quantify the results, we normalizedGFP tomCherryﬂuores-
cence within individual clusters within the TIRF plane (Fig. 2b). We
controlled that cells in different conditions show comparable STIM1
ﬂuorescence in TIRF plane and comparable expression of the tagged
Orai constructs in both cell types in epiﬂuorescence.
Our analysis shows that Orai1–GFP levels within STIM1 clusters are
signiﬁcantly decreased in HEKO1 cells, suggesting that the non-
ﬂuorescent Orai1 competes with Orai1–GFP. In contrast, Orai2–GFP/
mcherry–STIM1 ratios are unaffected by the presence of unlabeled
Orai1 while Orai3–GFP ﬂuorescence is signiﬁcantly increased in the
STIM1 clusters upon overexpression of Orai1 (Fig. 2b). In the absence
of overexpressed Orai1, we ﬁnd very little Orai3–STIM1 co-clusters
after Tg stimulation (compare ratio of 0.35 vs 2.0), which may be due
to less efﬁcient STIM1 binding or to reduced surface expression of
Orai3. The ﬁnding that Orai2 localization appears unaffected by Orai1
expression levels indicates that Orai2 does not require Orai1 for cluster
formation or surface expression and is congruent with the electrophys-
iological analyses (Fig. 1). Orai3 recruitment to STIM1 clusters is mark-
edly facilitated by the presence of Orai1, consistent with the decreased
store operated currents after downregulation of Orai1 measured by
patch-clamp (Fig. 1).
2.3. Orai1 inﬂuences the amount of surface expression of Orai3 but not
Orai2
The above described experiments imply a possible Orai1 require-
ment for Orai3 function within the plasma membrane. To investigate
the inﬂuence of Orai1 on surface expression of its homologs we
performed cell surface biotinylation experiments of Orai2–GFP or
Orai3–GFP with silencing or overexpression of Orai1. Fig. 2c shows
that while surface expression of Orai2 is unaffected by Orai1, surface
expression of Orai3 shows a signiﬁcant reduction of 33% upon Orai1 si-
lencing and marked enhancement (~280%) upon Orai1 overexpression
(Fig. 2d). These results conﬁrm an independent presence of Orai3 in the
plasma membrane (9.5% of total protein in Orai1 siRNA treated cells)
albeit strong reduction in Orai1 mRNA levels (see above) but also
indicate that much more Orai3 can localize to the cell surface when
Orai1 expression is increased. Comparing the 2-APB induced store
independent currents (Fig. 1l), we ﬁnd that despite increased Orai3 in
the PM, the store-independent currents are not increased, arguing for
a channel population with distinct gating characteristics.
2.4. Overexpression of Orai2 or Orai3 modulates SOCE in T cells
In the experiments described so far, we utilized conditions
where STIM1 concentrations are likely not limiting (stably transfected
HEKS1 or mCherry–STIM1 co-overexpression). To ﬁnd out how Orai2
Fig. 1. Effect of Orai1 onOrai2 and Orai3mediated currents. Average traces showingwhole cell current density (CD) over time extracted at−130mV inHEKS1 cells transfectedwith non-
targeting RNA (ns, black trace) or siRNA against endogenous Orai1 (siRNA, teal trace) and transfectedwith 1 μg of Orai2 (a) or Orai3 I.E. GFP pCAGGS (b). (c) MaximumCD recorded from
cells measured in a and b. (d) Effect of application of 50 μM 2-APB on store independent Orai3-mediated current from cells transfected as in b. Average traces showing CD extracted at
−130 or+130mVand the top bar shows the solution exchange. The internal solution contained 150nM free Ca2+. (e) Corresponding current–voltage (I–V) relationship of representative
cells recorded in d at maximum 2-APB induced current. (f) Maximum density of the outward and inward rectifying currents recorded after 2-APB application from cells recorded in d.
(g) Average traces showing whole cell CD over time in HEKS1 cells transfected with Orai3 I.E. RPF pCAGGS alone (black trace) or together with 1 μg of Orai1 I.E. GFP pCAGGS
(teal trace) or Orai1 I.E. GFP pCAGGS (grey trace). (h) Corresponding current–voltage (I–V) relationship of representative cells recorded in (g). Maximumdensity of the currents recorded
in g. (j) Effect of application of 50 μM 2-APB on store independent Orai3-mediated current from cells transfected as in b. (k) Corresponding current–voltage (I–V) relationship of
representative cells recorded in j. (l) Maximum density of the currents recorded in j.
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ized in a T cell model, we generated Jurkat T cell lines stably expressing
HA-tagged Orai2 or Orai3 and measured Ca2+ inﬂux under conditions
with endogenous STIM1 expression.
Fig. 3a shows SOCE in these cell lines in response to a classical store
depletion and re-addition protocol. Increasing expression of Orai2
caused a major decrease in rate, peak and plateau of Ca2+ inﬂux after
re-addition (Fig. 3b, c), related to what can be seen upon stable overex-
pression of HA–Orai1 in Jurkat cells [32]. To test whether the effect of
overexpressed Orai2 may be due to a competition for limiting STIM1
(causing a suboptimal STIM1:Orai1 stoichiometry), we investigated
whether endogenous Orai2 expression in the Jurkat cell line (seeFig. S1a) competes with Orai1 for STIM1 binding. We, therefore,
performed Orai2 siRNA experiments in Jurkat cells (2−(ΔCq) 0.35 (ns)
vs. 0.06 (si), with no off-target effects on Orai1. Fig. S3 shows that
Ca2+ inﬂux is signiﬁcantly increased upon knockdown of endogenous
Orai2.
Stable expression of Orai3 in Jurkat T cells caused a signiﬁcant
reduction in peak Ca2+ inﬂux as well as in plateau Ca2+ with no overt
phenotype in the Ca2+ inﬂux rate, although the effect is smaller than
with overexpression of Orai2 (Fig. 3a–d). Because Orai3 lacks a reactive
cysteine located at the exit of transmembrane domain 3 (TM3), SOCE
involving Orai3 is not inhibited by addition of extracellular oxidants
[33]. To test for functional Orai3 expression in the stable cell line, we
Fig. 2. Effect of overexpressed Orai1 on Orai2 and Orai3 recruitment to STIM1 clusters and on surface expression. (a) Merged TIRF ﬂuorescence images of 10min, 1 μg Tg treated HEKWT
(upper panel) or HEKO1 (lower panel) cells transfected with mCherry–STIM1 and C-terminally GFP tagged Orai1, 2 or 3. (b) Average ﬂuorescence intensity of Orai(x)–GFP cluster nor-
malized to the corresponding ﬂuorescence intensity of mCherry–STIM1 within the TIRF plane in HEKWT (black bars) or HEKO1 (grey bars) cells. The numbers within the bars represent
number of cells analysed from 3 independent experimentswhere at least 8 STIM1/Orai(x) clusters were analysed from each cell. The scale bar represents 10 μm. (c)Anti-GFP Immune blot
of surface expressed Orai2–GFP and Orai3–GFP in HEKS1 cells transfected with non-targeting RNA (ns), siRNA against endogenous Orai1 or overexpressing Orai1 together with Orai2 or
Orai3. The upper panel shows the biotinylated fractions and the lower panel shows 50 μg total cell lysate as input control. (d) Quantiﬁcation of the biotinylated fractions in C normalized to
total protein expressed. For each set of experiments, the biotinylated fractionwas normalized to that of the ns treated cells of the same set. Proteins run between 50 and 55 kDa according
to the expected mass of the fusion proteins.
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T cells where endogenous Orai3 is virtually absent (2−(ΔCq) Orai1 =
0.19 vs. Orai3 = 0.0002, see also Fig. S1a) show ~80% inhibition by
H2O2 of plateau Ca2+ levels (Fig. 3e–h), stable expression of Orai3
reduces this inhibition to ~50% for the Ca2+ inﬂux rate while the Ca2+
plateau becomes insensitive to inhibition with H2O2 conﬁrming that
Orai3 is functionally expressed and confers redox resistance onto
SOCE (Fig. 3i–l).
2.5. Orai1 is required to efﬁciently escort Orai3 but not Orai2 to the
immunological synapse
Stimulation of T cells requires an intimate contact with a target cell
and formation of an immunological synapse [34]. This can be simulated
by placing T cells on anti-CD3 and anti-LFA1 coated coverslips [35,36].
We performed confocal imaging of Jurkat T cells stably expressing
HA-tagged Orai1, Orai2 or Orai3. Fig. 4 shows confocal ﬂuorescence
images acquired fromHA–Orai1, HA–Orai2 and HA–Orai3 expressing
cells transfected with non-targeting (ns) RNA or transfected with
siRNA targeting the 3′untranslated region of Orai1 (si), seeded on
anti-CD3 and anti-LFA1 coated coverslips allowing formation of an
immunological synapse (IS) or in control conditions (no IS). The images
shown (Fig. 4a) are typical images acquired from ns and Orai1 siRNAtransfected cell. To quantify the relative distribution of HA expression
in optical slices hosting the IS versus the rest of the cell, we calculated
the ratios of background corrected summed ﬂuorescence of ~2 μm
around the coverslip region over total ﬂuorescence of all slices for
each cell. Overexpressed HA–Orai1 shows relatively little translocation
to the IS under non-silencing conditions (Fig. 4a, b). Upon silencing of
endogenous Orai1 (2−(ΔCq) 0.5 (ns) vs. 0.2 (si)) increased translocation
of HA–Orai1 to the IS becomesmore apparent (Fig. 4c), in linewith pre-
vious reports [36]. Orai2 does not display any changes in distribution
upon IS formation in the presence of endogenous Orai1 (Fig. 4a, b),
however, upon silencing of Orai1, a shift in relative distribution of
Orai2 towards the coverslip-near region (IS) can be uncovered
(Fig. 4c). Interestingly, while only very little Orai3 could be detected
in coverslip near regions in the absence of an IS, IS formation in the
presence of endogenous Orai1 leads to a signiﬁcant, almost ﬁvefold
redistribution towards the IS (Fig. 4a, b), whereas downregulation of
endogenous Orai1 abolishes this redistribution (Fig. 4c). These results
conﬁrm the translocation requirements for Orai3 seen in HEK cells
after Tg treatment with a more physiological stimulus and indicate an
Orai1 dependent role for Orai3 in modulation of ICRAC at the IS in native
immune cells expressing Orai3. Our localization and Ca2+ imaging
experiments however, do not distinguish between homomeric and
heteromeric channel complexes.
Fig. 3. SOCE inOrai2 andOrai3 overexpressing T-cell lines. (a) Traces showing average changes in intracellular Ca2+ concentration [Ca2+]i over time in response to perfusing different Ca2+
concentrations indicated in the upper bar in Jurkat E6.1WT (E6.1, black trace) or over expressing Orai2 (O2, grey trace) or Orai3 (O3, blue trace). Cells were loadedwith 1 μM Fura-2 and
storeswere depletedwith treatment 1 μMTg. Bar graphs showaverageCa2+ peak (b) inﬂux rate (c) and [Ca2+]i plateau (d) from cellsmeasured in a. (e) Traces showing changes in [Ca2+]i
in Jurkat E6.1 WT cells treated as in A with (red trace) and without (black trace) application of 1 mM H2O2 prior to readdition of external Ca2+. Bar graphs show average Ca2+ peak (f),
inﬂux rate (g) and [Ca2+] plateau (h) from cells measured in e. (i) Traces showing changes in [Ca2+]i in Jurkat cells overexpressing Orai3 treated as in awith (red trace) andwithout (blue
trace) application of 1 mM H2O2 prior to readdition of external Ca2+. Bar graphs show average Ca2+ peak (j), inﬂux rate (k) and [Ca2+] plateau (l) from cells measured in d.
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channel redox insensitive
To investigate whether the decreased redox sensitivity seen in
Fig. 3d–i can be recapitulated in a forced heteromeric complex, we in-
vestigated redox sensitivity of concatenated complexes kindly provided
by T. Shuttleworth. The concatenated complexes containing different
ratios of Orai1 to Orai3 were expressed in HEKS1 cells. Fig. 5 shows
that while a concatenated tetramer of Orai1 is indeed signiﬁcantly
inhibited by H2O2, addition of a single subunit of Orai3 not only
decreases current densities, but also confers redox resistance on the
heteromeric channel complex. The current–voltage relationships
of the concatenated heterotetramers show the inward rectiﬁcation
expected of ICRAC (Fig. S4), but were not investigated for altered Cs+permeabilities as expected from Orai1–Orai3 heteromeric channels
[18].
2.7. Tuning Orai3 dependency
To ﬁnd out why Orai3 is less efﬁciently store-operated and
translocated to clusters of STIM1 (Fig. 2), we focused on differences
within the C-terminal region of Orai1 and Orai3. Alignment of the
C-terminal regions of all Orai proteins points to a prominent displace-
ment of charged amino acids within Orai2 and Orai3 downstream of
Orai1 L276. This displacement can be largely reverted by insertion of
the amino acids EFA (Orai1278–280) downstream of N286 in Orai3
(see Fig. 6a). Not only does this insertion revert the spacing of charges,
but it also decreases the strength of the Orai3 C-terminal coiled-coil
Fig. 4. Effect of Orai1 on translocation of Orai2 andOrai3 to the immune synpase. (a) Confocal ﬂuorescence images of Jurkat E6.1expressing HA–Orai1 (I, II), HA–Orai2 (III, IV) or HA–Orai3
(V, VI) cell lines transfected with non-targeting RNA (left panel) or Orai1 siRNA (right panel) seeded on coverslips without (no IS) or with (IS) precoating with anti-CD3 and anti-LFA1
antibodies to mimic an immune synapse. Cells were stained with Alexa-488 coupled anti-HA antibody and the shown images depict (from left to right) a stack of a representative cell
within the coverslip-near region (IS stack), within the cell in an intermediate focal plane (intermediate stack), an X–Y (XY MIP) and a Z–Y maximum intensity projections (ZY MIP).
Average HA–Orai1, 2 or 3 translocated to the IS as a percent of sumof ﬂuorescence of the ﬁrst 6 stacks to the total sum of ﬂuorescence of all stacks of the corresponding cell, was calculated
from cells transfected with non-targeting RNA (b) and 3′UTR siRNA of Orai1 in (c). n = 98–102 for each analysed condition.
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Measuring store-operated current densities of this modiﬁed Orai3
(Orai3–EFA), we ﬁnd a signiﬁcant increase to almost 230% in maximal
CD, implicating a more efﬁcient activation of Orai3 (Fig. 6 b, c), without
a major alteration in the current voltage relationship (Fig. S2d). To ﬁnd
out how this insertion affects the dependency on Orai1, we repeated
endogenous Orai1 silencing experiments as shown in Fig. 1. Fig. 6d
and e shows that insertion of EFA abolishes the dependency onOrai1 re-
garding current development. We also conducted cluster-recruitment
experiments using TIRF microscopy as shown in Fig. 2. The results
(Fig. 6f, g) show that the Orai3–EFA mutants are equally recruited to
STIM1 clusters in HEKWT or in HEKO1 cells, abrogating the difference
seen before with wildtype Orai3 (Fig. 2a, b). To more directly test
if Orai3–EFA alters the interaction with STIM1, we performed FRET
analysis using STIM1–RFP and Orai3 (WT or EFA)–GFP within the TIRFplane. While Orai3 shows a relatively low FRET efﬁciency (3.7 ± 0.8%),
this is increased to 8.5 ± 1.6% with the insertion of the three residues.
3. Discussion
The classic cell systems typically used for heterologous expression
and investigations of ICRAC (e.gHEK293 and Jurkat T cells) express a con-
siderable amount of endogenous channels that may partially interfere
with interpretation of the observed results. We adapted both electro-
physiological and biochemical approaches to investigate the ability of
Orai2 and Orai3 to conduct store-operated currents and to localize to
local domains of activation independently of co-expression of Orai1.
We ﬁnd that Orai2 current densities, co-localization with STIM1 in
HEK cells after Tg treatment and surface expression are independent
of Orai1 (Figs. 1, 2). In contrast to the experiments utilizing HEK cells
Fig. 5. Redox sensitivity of currents mediated by Orai1–Orai3 concatenated channels. Bar
graphs showing average whole cells CD at−130 mV of HEKS1 cells transfected with 1 μg
of concatemeric constructs without (black bars) or with (red bars) pretreatment for
10 min with 1 mM H2O2. The numbers and schematic diagrams above the bar graphs
represent the number and arrangement of Orai1 (grey) and Orai3 (white) subunits in a
concatenated channel.
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ble Orai2 andOrai3 Jurkat cell lines is limited to the endogenous level. In
these cells, overexpression of Orai2 signiﬁcantly reduces SOCE (Fig. 3)
possibly by competing for the limited STIM1 essential for activation of
endogenous Orai1 and thus resulting in suboptimal binding stoichiom-
etry between STIM1 and Orai1 [32,37,38]. Indeed, downregulation ofFig. 6. Tuning Orai3 store operated activity and Orai1 dependence. (a) Alignment of sequence
for amino acid type where basic amino acids are shaded in blue, the acidic in red, the polar in
(CD) over time in HEKS1 cells transfectedwithWTOrai3 (black trace) or Orai3 EFA (teal trace)
of CD over time of cells transfected as in A together with non-targeting RNA (ns, black and teal
recorded from cells measured in D. (f) Merged TIRF ﬂuorescence images of 10min, 1 μg Tg trea
and C-terminally GFP tagged Orai3–EFA. (g) Average ﬂuorescence intensity of Orai3–EFA clust
TIRF plane in HEKWT (black bars) or HEKO1 (cyan bars) cells. (h) Fluorescent images of HEK c
(i) Quantiﬁcation of FRET signal within the TIRF plane like described in Materials and methodsendogenous Orai2 in the E6.1 Jurkat cell line increased SOCE (Fig. S3).
Competition between Orai1 and Orai2 can also be seen in localization
experiments shown in Fig. 4 where Orai2 shows differential localization
to the IS only in the absence of endogenous Orai1. Even when STIM1 is
in excess, Orai2–STIM1 complexes conduct much smaller currents
despite the faster rate of activation, see Fig. S2c and [14], and the stron-
ger FRET measured with STIM1 compared to Orai1 [39]. Very likely,
other N-terminal or transmembrane residues contribute to the reduced
Orai2 current size; Orai2 also lacks the C-terminal EFA motif (Fig. 6).
In contrast to Orai2, Orai3 store-operated currents are signiﬁcantly
reduced upon down-regulation of endogenous Orai1. The remaining
ICRAC measured after siRNA knockdown of Orai1 (Fig. 1b) and Orai2
(no additional effect of Orai2 siRNA)may either bemediated by remain-
ing Orai1 protein or may represent a minimal “true” store-operated
Orai3 activity. Overexpression of Orai1 together with Orai3 increases
the size of store operated currents compared to sole overexpression of
Orai3. This current could be mediated by Orai1 homomers or more likely
Orai1–Orai3 heteromers as Orai1 has a higher tendency to heteromerize
with Orai3 rather than to homomerize [39]. In addition co-expression of
Orai1withOrai3 results in smaller current sizes of−28.8±7pA/pF com-
pared to−66.7± 11 pA/pF for single Orai1 overexpression. On the other
hand, Orai3 mediates similar 2-APB evoked store-independent (in the
presence of 150 nM [Ca2+]i) currents irrespective of Orai1 expression
levels (Fig. 1d, j) and in the absence of STIM1 as shown by [15,19–21,
40]. Demuro et al. found that 2-APB may initiate pore forming Orai3 di-
mers independent of store-operation [24]. Our ﬁnding that the Orai3
store-independent 2-APB currents are not altered upon siRNA treatment
against Orai1 (Fig. 1d), despite an ~30% lower surface expression of Orai3
(Fig. 2d), nor upon co-expressionwith Orai1 (Fig. 1j) despite the doubled
membrane fraction (Fig. 2d), argues against a simple chaperone function
of Orai1 for Orai3 surface expression but rather for a channel populationof the C-terminal domains of human Orai homologs. The colour of shaded boxes encode
white and the non-polar in grey. (b) Average traces showing whole cell current density
IRES RFP pCAGGS. (c) MaximumCD recorded from cells measured in A. (d) Average traces
traces) or siRNA against endogenous Orai1 (siRNA, blue and red traces). (e) Maximum CD
ted HEKWT (upper panel) or HEKO1 (lower panel) cells transfected with mCherry–STIM1
er normalized to the corresponding ﬂuorescence intensity of mCherry–STIM1 within the
ells expressing STIM1–RFP (red) and Orai3 WT or EFA (green), overlay and FRET images.
. The scale bar represents 10 μm.
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In T cells, overexpression of Orai3 has an inhibitory effect on SOCE
which is smaller compared to that of Orai2 overexpression, with Orai3
being able to alter the redox properties of SOCE (Figs. 3, 5, see also
[33]). This modulation is further investigated by utilizing concatenated
constructs demonstrating that inclusion of a single Orai3 subunit is
sufﬁcient to both reduce store-operated current size and to abolish its
redox sensitivity (Fig. 5). The remaining inhibition of SOCE by H2O2 in
Jurkat T cells overexpressing Orai3 compared to the absence of inhibi-
tion in the concatenated tetramers with one or more subunits of Orai3
(Fig. 5) most likely indicates either that T cells (~2.5 fold more Orai1
compared to HEK, Fig. S1) still express a signiﬁcant amount of the
redox sensitive homomeric Orai1, or that heterohexameric channels
may retain more redox sensitivity than heterotetrameric channels.
Orai3 shows signiﬁcantly increased localization to Tg induced STIM1
clusters and to the IS upon overexpression of Orai1 (Figs. 2, 4). This
ﬁnding points to an important role of Orai1 in facilitating store-
operated activation of Orai3 (Fig. 1). The very small amount of rescue
of SOCE seen after overexpression of Orai3 in ﬁbroblasts of SCID patients
or in the Tg treated Orai1 knock-out mice [41,42] also indicates a less
efﬁcient gating of Orai3 by STIM1.
Previous investigations showed that exchange of theOrai3N-terminal
domain with the Orai1 N-terminus confers much of the store-operated
component of Orai1 onto Orai3 [43–46]. Swapping all three cytosolic
domains from Orai3 onto Orai1 fully conveys Orai3-like gating charac-
teristics in a strongly cooperative manner [47] and sequential deletions
of the N-terminus conﬁned the minimal essential domain for STIM1-
mediated activation to the second half (aa 56–65) of the N-terminal
conserved region of Orai3 [40]. The solved crystal structure of Orai1
[26] places the highly conserved residues of Orai3 R58, K60 and K62
into the extended pore domain where they form a highly charged
basic domain, deletion of which thus is likely to directly affect ion
permeation and possibly also subunit assembly. Yamashita et al. were
unable to measure store-operated Orai3 currents in the absence of
overexpressed STIM1. The ﬁnding that the increase seen in FRET be-
tween STIM1–YFP and CFP–Orai3 is reduced in the coiled-coil mutant
CFP–Orai3 L285D [22] implies direct coiled-coil mediated interactions
between Orai3 and STIM1. We show that simulating the C-terminus of
Orai1 by inserting three amino acids (EFA) into the C-terminal domain
of Orai3 provides optimal spacing of charges, signiﬁcantly reduces
Orai3's high C-terminal coiled-coil probability score and imposes more
efﬁcient STIM1 mediated store-operation of the homo- or heteromeric
channels. The resulting currents are not reduced upon siRNA treatment
against Orai1 and Orai3–EFA shows Orai1 independent localization to
STIM1 clusters. Our FRET measurements using C-terminally tagged
Orai3 and STIM1–RFP constructs resulted in a FRET efﬁciency of 3.7%
which is signiﬁcantly increased upon insertion of EFA and provides a
rationale for the more efﬁcient store-operation. However, this does not
necessarily exclude that Orai3–EFA forms heteromeric channels with
Orai1, but as Orai3 can now be gated more efﬁciently by STIM1, the
need for Orai1 to confer activation is alleviated. The fact that the Orai3–
EFA currents are still smaller than Orai1 currents may indicate the
continued presence of heteromers with Orai1 (see also smaller Ca2+
inﬂux in stable Orai3 expressing Jurkat cells, Fig. 3a) and/or that other
divergent residues (transmembrane or N-terminal cytosolic residues)
also contribute to the reduced current.
Our results are compatible with a model in which two channel
populations might exist: Orai3 channels showing Orai1 independent
surface expression as well as Orai1 independent 2-APB activation
(Fig. 1d). These channels may be weakly gated by store depletion and
likely consist of homomeric Orai3 channels. A second population can
be gated by store depletion. The latter property is likely enhanced by
the recruitment of Orai1 subunits to heteromeric Orai1–Orai3 channels.
Reducing the Orai1 content (siRNA) reduces this population within
the plasma membrane and co-expression with Orai1 increases thispopulation, but has little effect on the store independent Orai3
homomers. Orai3 in heteromeric complexes with Orai1 confers
persistent activation by non-store operated stimuli such as activation
by 2-APB, arachidonic acid and leukotriene C4 and modulates redox
sensitivity of SOCE [48,49]. The recentﬁndings byDubois and coworkers
are in agreement with our ﬁndings, however, our conclusion deviates
from their hypothesized model. They found that cancer cells overex-
pressing Orai3 channels show a decreased SOCE in addition to the facil-
itated gating by arachidonic acid [49]. In their model they hypothesize
that SOCE can only be mediated by Orai1 homomers and is therefore
reduced upon overexpression of Orai3 which leads to formation of
heteromeric channels that are gated exclusively by arachidonic acid.
Patch clamp recordings of ICRAC mediated by concatenated Orai1–
Orai3 ([29,50] and Fig. 5, S4) provide strong evidence that Orai1–
Orai3 heteromeric channels can still be store-operated and thus, gating
by store depletion and arachidonic acid is not mutually exclusive
characteristics of such channels.
Altogether our results shed light on the interdependencies of the
Orai subunits and indicate that while the role of Orai3 as a “stand
alone” store operated channel might be limited, its role is ampliﬁed in
modulating the store operated response in heteromeric channel
complexes with Orai1. In addition, Orai3 channels can be activated by
STIM1- and Orai1-independent stimuli. In the future it will be interest-
ing to resolve the dynamics and stimulus dependency of heteromeric
subunit stoichiometry.4. Materials and methods
4.1. Cell culture, constructs and transfection
All cells were maintained in a 37 °C, 5% CO2 humidiﬁed incubator in
corresponding growth medium (see Supplementary methods). All
hOrai constructs were subcloned into pCAGGS-IRES-GFP or directly
GFP-tagged at the C-terminus in pMAX. All constructs were conﬁrmed
by sequencing. For transfection, the indicated amount of DNA was
electroporated into HEK cells with Nucleofector II or into Jurkat cells
with 4D Nucleofector core unit according to themanufacturer's instruc-
tions 24 h before measurements. For biochemical methods HEK cells
were transfected at 70–80% conﬂuency with corresponding plasmid
using Fugene 6 (Roche).4.2. Generation of Orai2 and Orai3 cell lines
Jurkat E6.1 T cells were transfected with hOrai2 or hOrai3 subcloned
into the modiﬁed expression vector pGK-Puro-MO70 were CITE-EGFP
sequence was deleted and an N-terminal HA tag was inserted. Cells
expressing the desired plasmids were selected by and maintained in
the same medium as E6.1 cells supplemented with 5 μg/μl puromycin.4.3. Small interfering RNA (siRNA) mediated knockdown of Orai1
To knockdown endogenous Orai1 in HEKS1 cells, cells were
transfected with a mixture of 2 modiﬁed [51] siRNAs, 4 μl of 20 μM
stock solution each and an equivalent concentration of non-targeting
RNA was transfected in parallel for the non-silencing (ns) control. Two
days later transfection was repeated along transfecting the indicated
DNA (Orai2 or Orai3) 24 h before conducting the experimental analysis.
To knockdown endogenous Orai1 in Jurkat E6.1 over expressing HA–
Orai1, HA–Orai2 or HA–Orai3, the 3′untranslated region (3′UTR) of
Orai1 was targeted with a special pair of siRNA sequences. Transfection
was repeated after one day and experimental analysis was carried out
24 hour later. The sequences of the siRNA are provided in the supple-
mentary information. Knockdown efﬁciency and off-target effects on
other Orai homologs were tested by qRTPCR.
1549D. Alansary et al. / Biochimica et Biophysica Acta 1853 (2015) 1541–15504.4. Cell surface biotinylation
For detection of surface proteins HEK293 WT (HEKWT) or stably
hOrai1 (HEKO1) expressing cells were transfected at 70–80%
conﬂuency with C-terminally GFP tagged Orai2 or Orai3 in pMAX with
or without co-transfection of Orai1 IRES GFP pCAGGS, using Fugene 6
(Roche). The DNA transfection was preceded with either a non-
targeting or Orai1 siRNA transfection as mentioned above. Fourty
eight hours later, cells were treated as in [32] to label surface proteins.
Biotinylated fractions were analysed with SDS-PAGE. Immunoblots
were probed with antiGFP (Roche, 1:1000) antibodies. For quantiﬁca-
tion, the avidin bound fraction was normalized to the input (50 μg
total lysate) and for each set of experiments the avidin bound fraction
of the ns transfected cells was set to 1.
4.5. Electrophysiology
Recordings were performed at room temperature in the tight-seal
whole cell conﬁguration and linear voltage ramps from −150 mV to
+150 mV were applied as in [32]. The pipette solution contained the
following (in mM): 120 Cesium-glutamate, 3 MgCl2, 20 Cesium-
BAPTA, 10 Hepes and 0.05 IP3 (pH 7.2 with CsOH). In the indicated
cases, 12.6 mM CaCl2 was added to clamp the free Ca2+ at 150 nM as
calculated by CaBuf software (generated by Guy Droogmans, KU
Leuven). The bath solution contained (in mM): 120 NaCl, 10 TEA-Cl,
10 CaCl2, 2 MgCl2, 10 Hepes and Glucose (pH 7.2 with NaOH).
4.6. Fluorescence based Ca2+ imaging
Jurkat T cells were loaded in suspension with 1 μM Fura 2-AM at
room temperature for 20 min and seeded on poly-ornithine coated
glass coverslips. All experiments were performed in a self-built
perfusion chamber with low volume and high solution exchange rate
at room temperature. The external Ca2+ Ringer solution contained
(in mM): 155 NaCl, 2 MgCl2, 10 Glucose, 5 Hepes and 0.5 CaCl2
(0.5 Ca2+ Ringer) or no CaCl2 but 1 EGTA and 3 MgCl2 instead (0 Ca2+
Ringer) (pH7.4 with NaOH). Images were analysed with TILLVision
software. The absolute intracellular Ca2+ concentration was estimated
from the relation [Ca2+]i=K ∗ (R−Rmin) / (Rmax−R)where the values
of K, Rmin and Rmax were determined from an in situ calibration of Fura
2-AM in Jurkat T cells as described in (G. Grynkiewicz, M. Poenie, R. Y.
Tsien, A new generation of Ca2+ indicators with greatly improved ﬂuores-
cence properties. J. Biol. Chem. 260, 3440–3450 (1985)).
4.7. Total Internal Reﬂection Fluorescence (TIRF) microscopy
HEKWT or HEKO1 cells were transfected with 2 μg mCherry–STIM1
and 1 μg Orai1, 2 or 3WT or EFA–GFP in pMAX, split 24 h after transfec-
tion and seeded on 25 mm glass coverslips for further 24 h before
measurements. Cells were washed with 0.5 Ca2+ Ringer solution then
stores were depleted by incubation with 1 μg Tg in 0 Ca2+ Ringer
solution. A Leica AM TIRF MC system was used as in [32] for recording
ﬂuorescence images. The TIRF focal plane was set with the clustered
mCherry ﬂuorescence and the corresponding image was recorded
in parallel with Orai–GFP constructs. Images were analysed with LAS
(Leica Application suite) Software 2.4.1 build 6384.
4.8. Förster Resonance Energy Transfer (FRET) microscopy
HEK293 were co-transfected as above with STIM1–TagRFP–pMAX
together with Orai3 WT or EFA–GFP–pMAX. After store depletion, A
Leica AM TIRF MC system was used for FRET measurement within the
TIRF focal plane as set to acceptor ﬂuorescence. Three sets of images
(GFP, FRET, and RFP) were acquired: GFP was excited using a 488 nm
laser (suppression ﬁlter BP 525/50); for RFP the laser excitation wave-
length was 561 nm (suppression ﬁlter BP 600/40), and for FRET imagea 488 nm laser was used (suppression ﬁlter BP 600/40). Image acquisi-
tion and analysis were performed with LAS (Leica Application suite)
FRET module. Acquisition parameters (laser intensity 60%, exposure
time 100 ms, penetration depth 200 nm) were held constant for
all three channels. The apparent FRET efﬁciency (EA) was calculated
from background-subtracted images using EA ið Þ ¼ B−Axβ−Cx γ−α xβð ÞCx 1−β x δð Þ
described by Van Rheenen [52], where A, B and C stand for donor-,
FRET- and acceptor-channel respectively. Bleed through and cross talk
factors (α, β, γ, δ) were determined individually for every experimental
day using cells transfected with either acceptor or donor constructs. To
eliminate variation in FRET signal due to expression level, only clusters
with acceptor/donor ratio of mean ± standard deviation of the respec-
tive experimental day were included in the analysis.
4.9. Confocal microscopy
To mimic an immune synapse (IS), coverslips were coated with
poly-lysine (0.001%) for 30 min then by a mixture of anti-human CD3
(2 μg/μl, Diaclone) and anti LFA1 (1 μg/ml, Acris) antibodies in PBS for
3 h at 37 °C or with PBS for the no IS control. Jurkat E6.1 cells stably
expressing HA tagged Orai1, Orai2 or Orai3 were allowed to settle on
the coverslips for 40 min at 37 °C to form an immune synapse. Cells
were ﬁxed with 4% ice cold PFA, permeabilized and blocked against
unspeciﬁc antibody binding with 0.1% Triton X-100 and 1% BSA in PBS,
stained with Alexa 488 anti-HA antibody (Invitrogen) and ﬁnally
mounted for analysis. A Zeiss laser scanning microscope (LSM780)
with a 63×Oil Plan objective and a 488 laserwas used to obtain ﬂuores-
cence images. Z-stacks were obtained at 350 nm slice thickness.
4.10. Statistical analysis
Data obtained are presented asmean±S.E.M. Statistical signiﬁcance
was tested by performing unpaired, two-tailed Student t-test. Asterisks
indicate signiﬁcant differences. *p b 0.05, **p b 0.01, ***p b 0.001.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2015.03.007.
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